The evolution of liquid water and its transport through the porous gas diffusion media in an operating fuel cell were investigated applying an experimental setup for high spatial resolution of 3 m. Fundamental aspects of cluster formation in hydrophobic/hydrophilic porous materials as well as processes of multiphase flow are addressed. The obtained water distributions provide a detailed insight in the membrane electrode assembly and the porous electrode with regard on the existence and transport of liquid water. In addition, the results approve transport theories used within the framework of percolation theory and demonstrate the need for adapted modeling approaches.
In polymer electrolyte fuel cells, the chemical energy stored in hydrogen and oxygen is converted to electrical and thermal power.
1,2 A variety of factors influence the broad market introduction of fuel cells. The most striking ones besides the price of the fuel cells and low quantities are the long term stability and an optimum performance over a broad range of operating conditions.
The reactant gases, oxygen ͑usually supplied as air͒ and hydrogen, are distributed across the active area by means of a flow field on the anode and the cathode. In order to obtain a well distributed supply, an additional porous carbon fiber material ͓gas diffusion layer ͑GDL͔͒ is applied which ensures the transport to the electrochemically active area. At the same time, product water stemming from the electrochemical reaction as well as the external humidification has to be removed the same diffusive way in which the reactant gases are transported to the catalyst layer.
Water is thereby predominantly formed at the cathode and plays a crucial role in the fuel cell operation. For the polymer electrolyte membrane, a certain humidity is necessary to keep the protonic conductivity of the polymer. [3] [4] [5] [6] [7] Water molecules are transported from the anode through the membrane to the cathode by the electro-osmotic drag which is balanced by back diffusion due to the gradient of the water concentration ensuring a sufficient humidification of the anode. Depending on the current density, one of the processes is favored above the other which will be addressed in more detail below. In the adjacent gas diffusion layer, water is transported in gas phase from the catalyst layer to the gas channels of the flow field at low current densities ͑or, in other words, at low water production rates͒. However, at high current densities the saturation pressure of water can be exceeded leading to the existence of two phases, water vapor and liquid water. The latter phase might lead to blocked pathways in the GDL and the catalyst layers which in turn limit the maximum achievable power density. These two-phase or even multiphase flow phenomena are not limited to fuel cell processes but play an important role in several natural and technical processes as, e.g., water transport through pores in rocks and oil sands. 8 Several approaches employing modified cells with transparent parts were proposed to visualize the through plane water transport. [9] [10] [11] However, such modifications lead to unpredictable interference with the water distribution. In view of the limitation of the spatial and time resolution to around 50 m and a few minutes, respectively, neutron radiography is of limited use to gain a detailed cross-sectional view of the active area. [12] [13] [14] Here, we present a detailed study of the water transport through the membrane electrode assembly ͑MEA͒ and GDL structure of a fuel cell. Emphasis was taken on the fuel cell setup which allows for a high spatial resolution of 3 m applying synchrotron x-ray radiography and investigation of water transport phenomena that were not accessible up to now. 15 A single channel fuel cell setup has been designed to fulfill two preconditions, the resemblance of a realistic system as well as the possibility to distinguish between the different components of the fuel cell and to gain a crosssectional insight in the evolution and transport of water at high spatial resolution. The flow field with an electrochemically active area of 12 cm 2 was machined in graphite composite material. SGL Sigracet 10 BB gas diffusion material with a poly-tetrafluorethylene ͑PTFE͒ loading of 5% was applied to both electrodes, and a GORE 5621 MEA with a membrane thickness of 40 m was used with catalyst loadings of 0.3 mg/ cm 2 at the anode and 0.4 mg/ cm 2 at the cathode. 16 The upright positioned fuel cell was operated at standard parameter settings. The cathodic utilization rate u C describing the fraction of gas consumed along the reactive area is set to u C = 25%, the anodic utilization rate to u A = 90%, and the temperature of the stack to T = 60°C. The cathodic gas stream was humidified at a dew point of 25°C, while the anode remained unhumidified. Ambient pressure was kept at the media outlets.
The experiments were performed at the tomography facility of the BAMline at the synchrotron BESSY ͑Berlin, Germany͒. A 2048ϫ 2048 pixel camera ͑Princeton VersArray 2048B͒ was used to capture images up to 7 ϫ 7 mm 3.5 m which correspond to a physical spatial resolution of 3-7 m. The measurement time per image was around 5 s, 1 s for exposure and 4 s for data readout.
In Fig. 1 , a cross-sectional view of a fuel cell is displayed in which the individual components of a cell can be clearly differentiated. Images taken during the measurements are normalized with respect to a water-free ͑dry͒ cell. The unhumidified reactant gas flow is switched on and no electric load is applied so that no net water is produced. Figure 1͑a͒ . displays the image as obtained from the experiments. Figure  1͑b͒ is derived from the normalization where components such as gaskets are subtracted and do not influence the results; water can hereby be identified as bright spots. In Fig.  1͑c͒ , a schematic drawing of the cell setup and the different components are displayed clarifying the different parts of the image. The core of the fuel cell, the MEA consisting of the perfluorinated sulfonic acid membrane with the catalyst attached on both sides in the centre of the cell, exhibits a high absorption coefficient. The central part of the image is magnified in the inset of Fig. 1͑b͒ . At both sides of the MEA are the GDLs. Attached on the GDL next to the MEA is a socalled microporous layer ͑MPL͒ which can be distinguished from the carbon fiber as a fine grained structure. The MPL mainly consists of carbon black and PTFE which results in a predominantly hydrophobic material ensuring an equilibrated water content of the catalytic area. Due to its microporous structure with very hydrophobic and therefore water-free spots caused by the PTFE, the MPL allows for the diffusion of reactant gases to the catalyst layer. To both sides of the GDLs, the cathodic and anodic flow field channels and the back wall of the flow field can be identified.
Normalized images of the fuel cell operating at different current densities are displayed in Fig. 2 . The current density i 0 determines the rate of water production; increasing i 0 leads to enhanced water formation and vice versa. At low current densities ͓i 0 = 250 mA/ cm 2 , Fig. 2͑a͔͒ hardly any liquid water can be detected. Product water from the electrochemical reaction is mainly transported in gas phase, phenomena such as two-phase flow do not play a significant role at these operating conditions. With increasing current density ͓i 0 = 420 mA/ cm 2 , Fig. 2͑b͔͒ liquid water primarily appears in the cathodic GDL which is the place where the protons transported through the membrane recombine with the reaction products of the oxygen reduction reaction to form liquid water. At higher current densities, both at the anodic and cathodic side liquid water is observed ͓i 0 Ͼ 500 mA/ cm 2 , Figs. 2͑c͒ and 2͑d͔͒ resulting from the back diffusion due to the water gradient between anode and cathode. Two main positions of liquid water agglomerations can be estimated along the cross section. The first one is located close to the gas channel and the second one next to the MPL. Due to its hydrophobic nature, the MPL contains hardly any liquid water. In both cases, the liquid water is located in the area beneath the ribs of the flow field, forming a diffusion barrier for the reactant gases. The further transport of these agglomerates can either take place in gas phase or in liquid phase and is subject of ongoing research activities.
Liquid water agglomerates were quantified by summation of 100 rows along the marked area in Fig. 2 . The relative amounts along the cross section as a function of i 0 are displayed in Fig. 3 . As already estimated qualitatively from 2 ͒ lead to initial water clusters on the cathode ͑white spots, arrow͒. ͑c͒ Water clusters appear at the anode at i 0 = 500 mA/ cm 2 ͑arrows denote preferred condensation spots͒. ͑d͒ Water clusters are present to a large extent in both gas diffusion electrodes at i 0 = 500 mA/ cm 2 . Horizontal stripes are artifacts caused by thermal fluctuation of the monochromator setup. The white box depicts the area used to quantify the water content as displayed in Fig. 3.   FIG. 3 . ͑Color online͒ ͑a͒ Quantification and location of liquid water in the cathodic ͑C͒ and anodic ͑A͒ gas diffusion layer. Depending on the operating conditions, one or two diffusion barriers formed by liquid water can be detected. The water content of the MEA is shaded due to the low statistics caused by high absorption coefficients of platinum. ͑b͒ Eruptive water transport from the GDL to the gas channel.
clusters are formed. A first maximum of the liquid water distribution is located directly in the GDL in close proximity to the MPL. A second maximum resides beneath the rib next to the channel. The formation of these diffusion barriers can be explained by slight temperature differences between the electrochemically active area and the adjacent GDL and the MPL. Liquid water, which might exist at the catalyst surface, evaporates and diffuses through the MPL where, due to the high hydrophobicity, no condensation can take place. Once the water vapor reaches the GDL, the gas pressure of the water is exceeded and condensation on hydrophilic spots steps in next to the MPL. Mass transport limitations due to the external humidification support the condensation.
On the anode, a similar behavior can be observed. Contrary to the processes on the cathode, already at low current densities ͑i 0 = 300-400 mA/ cm 2 ͒ primary spots of liquid water accumulate in the porous media close to the MPL. With increasing values of i 0 the amount of liquid water increases and a more or less dense layer is formed. A second diffusion barrier caused by liquid water as observed at the cathode is not observed at the anode where no transport limitations due to the humidification exist. Only at higher current densities ͑i 0 Ͼ 500 mA/ cm 2 ͒ a significant second peak is observed which is comparable to the one formed on the cathode. The maxima of the liquid water content close to the reaction layer appear higher at the anode for all but the highest investigated current density. The aforementioned balance between the back diffusion and the electro-osmotic drag is hinted at by this distribution: only at high current densities the back diffusion is outweighed by the electro-osmotic drag.
Besides the mere location of the agglomerates, the dynamics of the liquid water transport from the catalytic layer to the flow field channel is of major interest not only to shed light on the transport processes but to compare the mechanisms found to theoretical descriptions and estimate the contribution of multiphase flow phenomena to the overall transport. The transport of liquid water is elucidated in more detail in Fig. 3͑b͒ . Displayed is the difference between two consecutive images with a time resolution of 5 s at a current density at which liquid water is observed ͑i 0 = 500 mA/ cm 2 ͒. Within the observation period between two images, a water droplet was formed in the channel. Small water clusters incorporated in the prevalently hydrophobic GDL merge to form larger ones which finally erupt ͑"burst"͒ from the GDL to the gas transport channels.
A possible interpretation of the observed phenomena is based on a description as employed in geological disciplines. Compact cluster growth of a nonwetting liquid ͑water͒ in hydrophobic pores results from Haines jumps which are caused by interfacial advances in a quite localized section. The capillary pressure in the neighboring entity is lower than in the vicinity which causes the smaller clusters to burst to neighboring pores. The transition ͑avalanche͒ to the gas channel is triggered by the same factors, whereas for this process an additional mechanism can be observed. The bursting droplet carries away water from the GDL and the "supply" is not sufficient to fill the pores. These choke offs lead to empty pores which are filled afterwards and the cycle starts again. 17, 18 We have investigated the cross-sectional transport of liquid water in porous gas diffusion materials as employed in low temperature fuel cells by means of synchrotron x-ray radiography with a spatial resolution of 3 m and a time resolution of 5 s. The investigations provide insights into multiphase water transport phenomena that were not accessible up to now. The water distribution in the GDL strongly depends on the water production rate ͑the current density͒ and up to two different diffusion barriers caused by liquid water were detected at high current densities. The position of these diffusion barriers depends on the hydrophobic/ hydrophilic properties of the employed materials. The microscopic transport of liquid water might be described by a series of collapses of smaller droplets leading to a compact water cluster growth in the GDL. At the transition from the GDL to the gas channel, choke-off effects cause emptied pores which are filled gradually and lead to a cyclic transport behavior.
The presented finding might serve as basis to develop tailor-made materials with customized properties to remove excess liquid water more efficiently. Modeling approaches of multiphase flows can be adapted based on these results and estimations on the amount of liquid water involved in the overall water transport might be deduced.
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